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Joints angleAbstract The variation of reinforcement details, conﬁnement and joints angle are considerable fac-
tors which affect the ultimate limit moment of joints and joints efﬁciency. The variation of joint size
is another factor that signiﬁcantly affects the ultimate limit moment of joints and frame joints efﬁ-
ciency. These previous factors were not considered in design. Corners may be subjected to closing
moments, which subject to tensile stresses in the outside of the corner, or to opening moments,
which cause tensile stresses in the inside of the corner. The last type of moments arise more detailing
problems. Opening joints may be found in retaining walls water tanks, open channels, bridge abut-
ments, high rises due to wind effect, frame structures, etc. in the other hand the closing joint may be
found in two hinged and ﬁxed frames and underground water tanks. Hence two types of joints
should be compared.
The presented paper introduces an experimental and analytical study in order to investigate the
effect of reinforcement details, conﬁnement, joints size, joints angle on the frame joints efﬁciency
and comparison between closing joints and opening joints. Experimentally, a total of eleven
specimens were tested under vertical load. All specimens were tested up to failure and the behaviour
was fully monitored. Moreover, a nonlinear 3D-ﬁnite element analysis was established using
ABAQUS program and veriﬁed with the experimental results in order to give design recommenda-
tions for those structural elements.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center. This is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).Introduction
The principles of detailing and the structural behaviour of sim-
ple structural members such as beams and columns are wellestablished. On the other hand, the detailing, strength and
behaviour of corner joints, especially those subject to opening
moments as in the case of cantilever retaining walls, bridge
abutments, channels, rectangular liquid retaining structures
and portal frames, has not been conclusively determined.
Reinforcement detailing at corners plays a primary role in
inﬂuencing the structural behaviour of the joint more so in
the case of opening joints or corners.
Few studies have been done on frame joints to deﬁne the
joint detail, that could satisfy the requirements strength, lim-
ited cracking, ductility and simplicity of construction, and
these details are different from one code to another.
148 M. Nabil et al.The reinforcement should be placed in such a way that the
joints meet the following fundamental requirements:
(a) The joint should be capable of resisting a moment at
least as large as the calculated failure moment in the
adjacent cross sections, because it does not limit the load
carrying capacity of the frame.
(b) If the ﬁrst requirement is not met, then the reinforce-
ment layout in the joint should accommodate the neces-
sary ductility, so that the force redistribution will be
possible without brittle failure of the joints.
(c) The crack width of the corner should therefore be lim-
ited to acceptable values of the working load level.
(d) The reinforcement details should be easy to be
fabricated.
The reinforced concrete joint fails due to several reasons as
diagonal tension crack, splitting crack, failure due to yielding
of reinforcement, failure due to crushing of concrete and
anchorage failure.
The state of stresses in joints, and corners, as calculated
according to the theory of elasticity by Nilsson [1,2], is valid
only before the occurrence of the cracking stage. After crack-
ing, (at the working stage), and at the ultimate stage, the joint
acts as a composite structure made of the reinforcement and
the concrete. The analysis of the last two stages is more com-
plicated than that of the homogeneous bodies. In spite of the
fact that, the results of the theory of elasticity are valid only
prior to cracking, however they present some guidance of the
actual behaviour. Fig. 1a shows the stress distribution in a
frame corner subjected to opening moments along diagonal.
The bending stress rx exhibits a peak at the inside surface of
the corner, therefore the corner cracks occur at quite smallM
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Figure 1 Cornloads. The tensile stress ry causes a diagonal crack across the
corner, which results a sudden failure, unless a sufﬁcient steel
reinforcement is provided to resist these stresses. Fig. 1b shows
the tensile stress distribution across the joint section, which
may be considered to be parabolically distributed.
After cracking has occurred, the behaviour of the corner can
be studied with the aid of truss models, a typical model being
shown in Fig. 1c. In a truss model, the reinforcement is
regarded as tension bars while the compression zones are
regarded as compression struts. The cooperation of concrete
subjected to tensile stresses is demanded for the fulﬁllment of
equilibrium conditions. From the truss model in Fig. 1, it is evi-
dent that in the absence of a rational detailing system, the cor-
ner concrete has no ability to sustain the resultant diagonal
tensile force and a premature brittle failure characterized by
low toughness and ductility is imminent. The detailing of the
opening corner, therefore, plays the primary role in inﬂuencing
the structural behaviour, complemented in turn by the tensile
response of concrete. A number of detailing arrangements for
opening corners have been proposed from time to time [1,2]
Park and Paulay [3] and Abdul-Wahab and Al-Roubai [4].
Kaushik and Singh [5] conducted an experimental study to
evaluate the structural behaviour of opening corners. Four dif-
ferent detailing systems were investigated. The parameters of
investigation were: strength measured in terms of joint efﬁ-
ciency, ductility, crack control, and ease of reinforcement layout
and fabrication facilitating effective placement of concrete in the
member. It has been found that none of the detailing systems
investigated satisﬁed all the four parameters. A substantial
increase in post-cracking tensile strength, ductility and crack
control can be achieved by adding steel ﬁbres to the concrete.
Park and Mosalam [6] carried out an experimental investi-
gation of full-scale RC corner beam-column joints without(c)Truss idealization of corner
er stresses.
Affecting aspects on the behaviour of frame joints 149transverse reinforcement in the joint region leading to nonduc-
tile behaviour in many exiting RC buildings. The experimental
study considered two design parameters: joint aspect ratio and
beam longitudinal reinforcement ratio. Four corner beam-col-
umn joint specimens were constructed with transverse beams
and ﬂoor slabs and tested under quasi-static cyclic loading.
The specimens experienced joint shear failure without beam
hinging mechanism as a result of the absence of transverse
reinforcement in the joint region.
Jawad and Assi [7] conducted an experimental and analyt-
ical study to investigate the behaviour of reinforced concrete
corner joints under monotonically increasing loads which tend
to increase the right angle between the two joint members. The
effect of reinforcement details at the corner joint was studied
for commonly used detailing systems, and the nonlinear
response was traced throughout the entire load range up to
failure. The results obtained were generally in good agreement
with the experiments, and show that the detailing system had a
signiﬁcant effect on corner joint behaviour, with efﬁciencies
ranging from as low as 54% up to 147%.
Kaliluthin and Kothandaraman [8] carried out an experi-
mental investigation on the reinforced concrete exterior
beam-column joint was subjected to static load to investigate
the existing RC beam column joints which are designed as
per BIS 456-2000, which must be strengthened, since they do
not meet the requirement given in the ductility code IS
13920-1993 are inadequate and it needs to be upgraded regard-
ing the detailing of reinforcement an attempt has been made to
introduced an additional reinforcement called ‘‘core reinforce-
ments’’ in the joint region to improve the reinforcement detail-
ing pattern and strength behaviour to ensure good
performance of the joint as well. Test results showed that the
use of core reinforcement reduced the damages in the joint
region and is one of the most effective techniques to improve
the seismic resistance of RC structures.
The scope of this work can be summarized as follow:
(a) Studying the general deformational behaviour of this
type of structures.
(b) Studying the effect of using different types of reinforce-
ment details inside the frame joint.Table 1 Description of the tested frames.
Group SpecimenNo.
Dimensions
width
mm
Thick.
mm
Group I
F1 150 250
F2 150 250
F3 150 250
F4 150 250
Group II F5 150 250F6 150 250
Group III F7 150 350F8 150 450
Group IV F9 150 250F10 150 250
Group V F11 150 250(c) Studying the effect of joint conﬁnement by means of
stirrups.
(d) Studying the effect of the joint size by increase thickness
of the frame joint.
(e) Studying the effect of the joint angle by change the joint
angle of the frame.
(f) Provide a comparison between behaviour of closing
joints and behaviour of opening joints.
(g) Investigating the shape of failure at each case and its
reason.
(h) Making a ﬁnal conclusion for the ideal detail of rein-
forcement and type of conﬁnement joint based on the
results obtained from the experimental and theoretical
studies.
Experimental work
The experimental work of the present study consists of testing
eleven triangular reinforced concrete frames in ﬁve groups of
specimens with variable properties for each group. The ﬁrst
group consists of four specimens. The second, third and fourth
group consists of two specimens except the ﬁfth group has one
specimen only.
Details of tested specimens
Each group will be studied and analysed under the effect
of different previous variables. The frame F1 is the guide
specimen and its result compared with others specimens’
results for each group. Hence, Table 1 makes a compari-
son between their reinforcement, joint angle and
dimensions.
Group I
All specimens of this group F1–F4 had the same rectangular
cross-section dimensions with 150 mm width and 250 mm
thickness, with the same joint angle (90) and no stirrups in
joints except specimen F4 had joint stirrups. The variable
between these group specimens was the joint steel details byJoint
Angle
degree
Main
RFT
Stirrups 
Hangers
Joint
Stirrups
90º 2     16 2     10 ----
90º 2     16 2     10 ----
90º 2     16 2     10 ----
90º 2     16 2     10 10Ø8/m'
90º 2     16 2     10 10Ø8/m'
90º 2     16 2     10 10Ø8/m'
90º 3 16 2     10 ----
90º 4 16 2     10 ----
60º 2     16 2     10 ----
120º 2 16 2     10 ----
90º 2     16 2     10 ----
2     10
2     16
0.15
0.
25
Typical  
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2
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2
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Figure 2 Reinforcement details of frame F1.
2     10
2     16
0.15
0.
25
Typical  
Cross Section 2
10
2
16 2
16
2
10
10     8/m
2     102     16
10     8/m
2     10 2     16
2     16
1.85
0.
96
Figure 3 Reinforcement details of frame F2.
150 M. Nabil et al.changing the shape as loop shape detail, cross shape detail and
other details, as shown in Figs. 2–5.
Group II
All specimens of this group F1, F5 and F6 had the same rect-
angular cross-section dimensions with 150 mm width and
250 mm thickness, with the same joint angle (90) and steel
details. The variable between these group specimens was the
joint conﬁnement by means of stirrups and changing the shape
of stirrups as radial stirrups shape and crossing stirrups shape,
as shown in Figs. 6 and 7 respectively.Group III
All specimens of this group F1, F7 and F8 had the same joint
angle (90), steel details and no stirrups in joints. The variable
between these group specimens was the joint size by changing
the thickness of specimens more than frame F1, as shown in
Figs. 8 and 9.
Group IV
All specimens of this group F1, F9 and F10 had the same rect-
angular cross-section dimensions with 150 mm width and
250 mm thickness, steel details and no stirrups in joints. The
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Figure 4 Reinforcement details of frame F3.
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Figure 5 Reinforcement details of frame F4.
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Affecting aspects on the behaviour of frame joints 151variable between these group specimens was the joint angle by
changing the joint angle from (90) for frame F1 to (60) and
(120) for frames F9 and F10 respectively, as shown in Figs. 10
and 11.
Group V
All specimens of this group F1 and F11 had the same rectan-
gular cross-section dimensions with 150 mm width and
250 mm thickness, with the same joint angle and no stirrups
in joints. The study of the ﬁfth group is to compare between
closing and opening joints, as shown in Fig. 12.
Material properties
The concrete used was made of a mix of natural sand, natural
well graded gravel and ordinary Portland cement and tap
water. Mix properties (by weight) used for tested specimen
are shown in Table 2. The concrete used was a normal weight
concrete of 25 N/mm2 characteristic compressive strength.
The high tensile steel deformed round bars of 16 mm and
10 mm diameter were used as main reinforcement and stirrups
hangers respectively, while the mild steel smooth round bars of10     8/m
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Figure 7 Reinforcement details of frame F6.
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Figure 8 Reinforcement details of frame F7.
152 M. Nabil et al.8 mm diameter were used as stirrups. The properties of the
tested steel are listed in Table 3.
Test setup and loading scheme
The two supports of each frame were roller, and hinged sup-
ports. The frames were tested in the hydraulic jack of
300 kN capacity. Figs. 13a, 13b, 14a and 14b show the test
setup for different frames. Before testing the frames, a calibra-
tion was done for hydraulic jack by using a calibration ring in
order to control the load on the frames during the tests.
Measuring devices
The strains of concrete were measured using electrical strain
gauge with 120 ohm resistance ﬁxed on the extreme compres-
sion ﬁbre. The strains in steel bars were measured usingelectrical strain gauges, with 120-ohm resistance ﬁxed on the
steel bars before casting, using special glue, and then covered
with a water prooﬁng material to protect them. Deﬂections
of the different points of the frames were measured using ten
deﬂectometers. The data acquisitions were used in the mea-
surements of strains and deﬂection and corresponding acting
load on tested specimen. Figs. 15 and 16 show general arrange-
ment for deﬂectometer and electrical strain gauges for frames.
Test procedure
The eleven frames were tested using an incremental static load-
ing procedure. The load was applied at the top of the frame.
An incremental load of about 10–15% of the ultimate load
was applied, during a period of about 60 s. This load was kept
constant for about 30 min during each increment, while the
readings were being taken.
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Figure 9 Reinforcement details of frame F8.
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Figure 10 Reinforcement details of frame F9.
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Figure 11 Reinforcement details of frame F10.
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Figure 12 Reinforcement details of frame F11.
Table 2 Mix properties for the used concrete (by weight).
Cement Sand Gravel Water/cement
1.0 1.7 3.5 0.57
Table 3 Mechanical properties of steel reinforcement.
Nominal diameter (mm) 8 10 16
Actual diameter (mm) 8 10.5 16.7
Yield stress (N/mm2) 245 363 365
Ultimate stress (N/mm2) 365 521 522
Maximum elongation (%) 0.42 0.37 0.39
Reduce in area (%) 72% 65% 60%
154 M. Nabil et al.Experimental results
Crack patterns, cracking loads and failure loads
For the tested eleven frames, the cracks started from the lower
surface of the frame joint (tension side). These cracks devel-
oped and propagated towards the upper surface of the frame
joint, (the compression side), except frame F11, the cracks
propagated towards the lower surface. At further load
increments, other cracks appeared at the inclined beams of1.85
0.20
1.65
0.20
P
0.
96
Rigid Floor
Loading Head of
Tested Machine Load Cell
Hinge Rollar
Figure 13a Test setupthese frames. Table 4 shows the cracking load at which the ﬁrst
crack appeared and the failure load at which the deﬂection
increases although the load is constant for the tested frames.
Figs. 17–27 show the general crack patterns for the tested
frames.
From Table 4 and Figs. 17–27, the following remarks could
be concluded:
 For the ﬁrst group, the different steel reinforcement details
of frames F1–F3 and F4 as shown in Figs. 2–5, affect the
crack patterns, cracking load and failure load. The loop
detail of steel with additional two horizontal bars at the ten-
sion side of frame F2 joint improved the cracking behaviour
and increase the cracking and failure loads of this frame
compared with other tested frames in the ﬁrst group [9].
Either the crack patterns of frames F1 and F3 almost sim-
ilar. On the other hand, the behaviour of frame F4 showed
that, the cracking and failure load is very low compared
with the other tested frames in this group, the cracks devel-
oped quickly, and the frame failed in tension with a very
wide crack width. This is due to the fact that, frame F4
had extremely poor detailing. Table 4 shows that, the crack-
ing loads of frames F1–F4 were 14 kN, 15.0 kN, 14.2 kN
and 13.0 kN respectively. In additional, the ratios between
failure loads of frames F2–F4 and failure load of guide
frame F1 were 1.26, 1.17 and 0.58 respectively. This mayfor frames F1–F10.
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Figure 13b Test setup for frame F11.
Figure 14a Test setup for hinged support.
Figure 14b Test setup for roller support.
Affecting aspects on the behaviour of frame joints 155be attributed to the shape of reinforcement details affected
on the ﬂexural rigidity and failure loads. Finally, the rein-
forcement details of frame F2 increased the ﬂexural capac-
ity of joint by about 26%.
 For the second group, the conﬁnement of frames F5 and F6
by means of stirrups as shown in Figs. 6 and 7 improved the
cracking behaviour and increased the cracking and failure
loads of these frames compared with guide frame F1. Due
to the fact that, these stirrups conﬁnes the concrete of the
joint, and hence reduces the possibility of the formation
of the internal cracks within the joint. The cracking and
failure loads of frame F5 with radial stirrups slightly
increased more than F6 with crossing stirrups. Table 4
shows that, the ratios between failure loads of frames F5and F6 and failure load of guide frame F1 were 1.21 and
1.18 respectively. Finally, the presence of stirrups in joint
increased the joint capacity by about 20%. This is due to
the fact that, diagonal stirrups resist diagonal tension.
 For the third group, the increasing of joint size for frames F7
and F8 by increasing the thickness as shown in Figs. 8 and
9, worse the cracking behaviour compared with frame F1.
Due to the fact that, increasing joint size increases the diag-
onal tension cracks inside the joint region [10]. The crack
patterns worse gradually from F1 to F7 and to F8. The
cracking load of frames F7 and F8 were 30 kN and 50 kN
respectively. Table 4 shows that, the joint strength factor
R (failure moment/capacity moment) of frames F1, F7
and F8 were 0.99, 0.91 and 0.76 respectively. Finally,
increasing joint size decreases the joint strength factor due
to the effect of diagonal tension.
 For the fourth group, the variation of joint angle for frames
F9 and F10 as shown in Figs. 10 and 11, affects the cracking
behaviour, the cracking and failure loads of these frames
compared with frame F1. Due to the fact that, the decreas-
ing of the joint angle for frame F9 increases horizontal
movement and consequently increases cracks than F1. In
the opposite, the increasing of the joint angle decreases the
horizontal movement and consequently decreases cracks
than F1 [11]. The cracking loads of frames F9 and F10 were
14 kN and 14.2 kN respectively. Consequently, due to hori-
zontal movement the cracking load of frames F10 increased
more than F1 and F9. Table 4 shows that, the ratios between
failure loads of frames F9 and F10 and failure load of guide
frame F1 were 1.15 and 0.90 respectively. Finally, decreasing
joint angle increases the joint capacity by about 15%. This is
due to the fact that, decreasing joint angle increases the nor-
mal force which improved failure load.
 For the ﬁfth group, the frame F11 subjected to moment
tends to close the corner (closing joint) as shown in
Fig. 12, the cracking behaviour of frame F11 improved
and the failure and cracking moment increased compared
with frame F1. Consequently, the cracking moments of
frames F1 and F11 were 6.48 kN m and 6.69 kN m respec-
tively. Approaching the failure load, the cracks spread over
the joint area. These cracks were concentrated inside the
joint region, and some cracks appeared in the inclined
beams of the frame. Table 4 shows that, the failure
moments of frame F11 and guide frame F1 were
38.17 kN m and 28.73 kN m respectively and the ratio
between them equal to 1.33. Finally, the closing joint
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Figure 15 General arrangement for deﬂectometer and electrical strain gauges for frames F1–F10.
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Figure 16 General arrangement for deﬂectometer and electrical strain gauges for frame F11.
Table 4 Experimental results of cracking and failure load.
Frame Pcr (kN) Mcr (kN m) Failure loads (kN) Failure moment (kN m) Calculated mult (kN m) R= failure moment/mult
F1 14 6.48 62.12 28.73 29.04 0.99
F2 15 6.94 78.50 36.31 29.04 1.25
F3 14.2 6.57 72.57 33.56 29.04 1.16
F4 13 6.01 35.97 16.64 29.04 0.57
F5 14.5 6.71 75.21 34.78 29.04 1.20
F6 14.3 6.61 73.03 33.78 29.04 1.16
F7 30 13.88 125.50 58.04 63.87 0.91
F8 50 23.13 185.14 85.63 112.74 0.76
F9 14 6.48 71.20 32.93 29.34 1.12
F10 14.2 6.57 55.60 25.72 28.64 0.90
F11 7.25 6.69 41.35 38.17 29.04 1.31
156 M. Nabil et al.increased the joint capacity by 33%. This is due to the fact
that, the tension steel is continuous around the corner of
joint (i.e., it is not lapped within the joint), in additional
the diagonal tension formed in opening joint.Deﬂections and horizontal movements of the roller support
The experimental results of load–deﬂection curves at mid span
(LVDT 1) and load–horizontal movement of roller support
Figure 17 General crack patterns of frame F1.
Figure 18 General crack patterns of frame F2.
Figure 19 General crack patterns of frame F3.
Figure 20 General crack patterns of frame F4.
Figure 21 General crack patterns of frame F5.
Figure 22 General crack patterns of frame F6.
Affecting aspects on the behaviour of frame joints 157(LVDT 10) were plotted for the eleven tested frames as shown
in Figs. 28–37.
From Figs. 28–37, the following remarks could be
concluded:
 For the ﬁrst group, the different steel reinforcement details
of frames F1–F4 affect the deﬂection and horizontal
movement of roller support behaviour. The deﬂection and
horizontal movement of roller support of frame F2 lessthan other tested frames in the ﬁrst group. Due to the fact
that, the loop detail of steel and additional two horizontal
bars at the tension side of the frame F2; increase the ﬂexural
stiffness of the joint [9]. In the opposite, the steel detail of
frame F4 worse the joint behaviour and increase the deﬂec-
tion and horizontal movement of roller support. This is due
the fact that, frame F4 had extremely poor detailing.
 For the second group, the conﬁnement of frames F5 and F6
by means of stirrups improved the deﬂection and horizontal
movement of roller support behaviour of these frames
compared with guide frame F1. This may be attributed
Figure 23 General crack patterns of frame F7.
Figure 24 General crack patterns of frame F8.
Figure 25 General crack patterns of frame F9.
Figure 26 General crack patterns of frame F10.
Figure 27 General crack patterns of frame F11.
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Figure 28 Experimental results of load–deﬂection curves at mid
span of the ﬁrst group.
158 M. Nabil et al.to; the conﬁnement of the joint region improves the charac-
teristics of concrete in compression and consequently,
resists the diagonal tension at this region.
 For the third group, the increasing of joint size for frames F7
and F8 by increasing the thickness, worse the deﬂection and
horizontal movement of roller support behaviour of these
frames compared with frame F1. Due to the fact that,
increasing of joint size increases the diagonal tension cracks
inside the joint region and consequently, decreases the jointstrength factor (R) of joint [10], hence at the same percent-
age value of (R) the deﬂection increase gradually from F1 to
F7 and to F8.
 For the fourth group, the variation of joint angle for frames
F9 and F10 affects the deﬂection behaviour of these frames
compared with frame F1, the deﬂection of frame F9 less
than other frames in this group and the horizontal move-
ment of frame F10 less than other frames in the group.
Due to the fact that, the decreasing of the joint angle for
frame F9 increasing horizontal movement and decreasing
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Figure 29 Experimental results of load–horizontal movement of
roller support of the ﬁrst group.
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Figure 30 Experimental results of load–deﬂection curves at mid
span of the second group.
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Figure 31 Experimental results of load–horizontal movement of
roller support of the second group.
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Figure 32 Experimental results of factor (R)–deﬂection curves at
mid span of the third group.
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Figure 33 Experimental results of factor (R)–horizontal move-
ment of roller support of the third group.
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Figure 34 Experimental results of load–deﬂection curves at mid
span of the fourth group.
Affecting aspects on the behaviour of frame joints 159the deﬂection than F1. In the opposite, the increasing of the
joint angle for frame F10 decreasing horizontal movement
and increasing the deﬂection of than F1 [11]. This is due
to the effect of different values of normal force for frames
F1, F9 and F10.
 For the ﬁfth group, the deﬂection behaviour of frame F11
improved compared with frame F1. The deformation of
closing joint less than the deformation of opening joint atthe same acting moment. Due to the fact that, the tension
steel is continuous around the corner of joint and the diag-
onal tension formed in opening joint. Hence, the horizontal
movement of roller support of frame F11 more than frame
F1 because that, the horizontal force acting at roller sup-
port of frame F11 more than that of frame F11 at the same
acting moment.
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Figure 35 Experimental results of load–horizontal movement of
roller support of the fourth group.
0
10
20
30
40
0 20 40 60
Ab
so
lu
te
 M
om
en
t k
N
.m
Absolute Deﬂecon mm
F1
F11
Figure 36 Experimental results of moment–deﬂection curves at
mid span of the ﬁfth group.
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Figure 37 Experimental results of moment–horizontal move-
ment of roller support of the ﬁfth group.
Concrete 8 Nodal Solid 
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Figure 38 Chosen elemen
160 M. Nabil et al.Finally, the load deﬂection curves of the tested frames are
nearly linear at the early stages of loading, up to the yielding
load. However, once the yielding occurs excessive cracks take
place, and accordingly the deﬂections increase rapidly.
Finite element analysis
Methodology
The main aim of performing a ﬁnite element analysis of the
models was to extend the investigations carried out experimen-
tally to have better understanding of the behaviour of all tested
specimens.
Modelling of specimens
Model description
A ﬁnite element model was performed to simulate the joints in
the realistic way using program ABAQUS/CAE V 6.9-3 [12].
The specimens were modelled with the same dimensions per-
formed in the tests. The concrete core was modelled using solid
element called C3D8R, which is an eight-node linear brick
with an element size of 40 mm. For the internally reinforced
specimens, the rebars were modelled using truss elements (3-
node quadratic displacement elements – T3D2) as shown in
Fig. 38. The loading was applied as a concentrated load at
one node on the top loading plate. For the specimen F11 the
loading node was applied as a horizontal concentrated load
near from a roller support. The static riks procedure was used
as the chosen solution strategy. The geometric non linearity
was considered in the analysis in order to account for the sec-
ond order effects. The Newton–Raphson iteration method was
used to ﬁnd equilibrium within each load increment [13].
Modelling of material properties
The concrete was modelled using the concrete smeared crack-
ing option available in the ABAQUS ﬁnite element program.
Concrete compression hardening, tension stiffening and elastic
options were modelled in an accurate way. This concrete mate-
rial model depends on plasticity, so stress distribution can be
obtained visually, but cracks cannot be determined. Young’s
modulus for concrete Ec was deﬁned using the ACI formula-
tion and poisons ratio was taken 0.2. Elastic and plastic
material options are used for deﬁning steel reinforcement as
elastic-perfectly plastic materials. The yield, ultimate strengths
and ultimate strain for the steel reinforcement were deﬁned
according to the tension coupons test results. The elasticReinforcement Bars 2 Nodal 
Truss element (T3D2) 
ts for the model parts.
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Figure 39 Load–deﬂection for ﬁrst, second, third, fourth and ﬁfth group (FE results).
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Figure 40 Comparison of results of FE and tests for the tested
F1 and F11.
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Figure 41 Comparison of results of FE and tests for the tested
F5 and F9.
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Table 5 Comparison for failure moments in Exp and FE
analysis.
Specimens Maximum failure moments (kN m) Ana/Exp
Experimental (Exp) Analytical (Ana)
F1 28.73 28.78 1.00
F2 36.31 35.99 0.99
F3 33.56 29.73 0.89
F4 16.64 15.04 0.90
F5 34.78 35.13 1.01
F6 33.78 34.25 1.01
F7 58.04 54.25 0.93
F8 85.63 81.30 0.95
F9 32.93 33.12 1.01
F10 25.72 24.12 0.94
F11 38.17 36.57 0.96
162 M. Nabil et al.properties were deﬁned as 200,000 MPa for young’s modulus
and 0.3 for the Poisson ratio.
Results and veriﬁcation of FE models
To verify the FE model, a comparison of the results from
experimental tests and those from the FE analyses was made;
as shown in Table 5. It can be seen that the FE model captured
the structural behaviour in a satisfactory way. The maximum
moment resistances obtained in the FE analyses are equal to
those obtained in the tests to within 10% difference, as shown
in Table 5. Fig. 39 shows the load–deﬂection curves for all
groups.
Figs. 40 and 41 show samples of comparisons between load
and lateral deﬂection curves of the ﬁnite element analysis and
experimental results obtained for specimens F1, F5, F9 and
F11 at the critical section. The model agreed well with the test
results in terms of failure loads as well as the deformation.Conclusions
 The presence of loop detail of reinforcement with additional
horizontal bars at the tension side increases the efﬁciency of
opening joints, hence increases the load carrying capacity
by about 25% more than the cross detail of reinforcement
and improves the general deformational behaviour of these
frames, this may be attributed to that, this detail increases
the ﬂexural rigidity and failure load.
 The continuity of tension reinforcement in opening joint
without loop or cross detail decrease the load carrying
capacity by about 43% and worse the general deforma-
tional behaviour of these frames this may attributed to that,
this poor detail decreases the ﬂexural rigidity and failure
load.
 The conﬁnement of opening joints by means of stirrups
inside the joint region, signiﬁcantly improves the deforma-
tional behaviour of these frames and increase the load
carrying capacity by about 21%. This is due to the fact that,
diagonal stirrups resist diagonal tension. The conﬁnement of joints by means of radial stirrups
increases the capacity of joint more than the conﬁnement
by means of crossed stirrups by about 3%.
 Increasing the joint size decreases the joint strength factor R
(failure moment/capacity moment) by about 30% and
worse the general deformational behaviour of these frames
this duo to the fact that, increasing the joint size increases
the diagonal tension cracks inside the joint region.
 Decreasing the joint angle decreases the deﬂection, increases
the horizontal movement of roller support, increases the
joints cracks and increases the failure loads by about
15%, this is due to the fact that, decreasing joint angle
increases the normal force which improved failure load
and deformational behaviour.
 The closing joint frames improve the general deformational
behaviour of these frames than the opening joint frames in
additional the load failure and efﬁciency of the closing joint
frame increased than opining joint by about 33% this is due
to the fact that, the tension steel is continuous around the
corner of joint, in additional the diagonal tension formed
in opening joint.
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